Background: Emerging data have revealed a negative association between adiposity and muscle quality (MQ). There is a lack of research to examine this interaction among young, healthy individuals, and to evaluate the contribution of adiposity to adaptation after resistance exercise (RE). Objective: The purpose of this investigation was to examine the influence of subcutaneous adipose tissue (SAT) on muscle function among non-obese individuals before and after RE. Design: Analyses included 634 non-obese (body mass index o30 kg m À2 ) subjects (253 males, 381 females; age ¼ 23.3 ± 5.2 years). SAT and muscle mass (magnetic resonance imaging-derived SAT and biceps muscle volume), isometric and dynamic biceps strength, and MQ (strength/muscle volume), were analyzed at baseline and after 12 weeks of unilateral RE. Results: At baseline, SAT was independently associated with lower MQ for males (b ¼ À0.55; Po0.01) and females (b ¼ À0.45; Po0.01), controlling for body mass and age. Adaptation to RE revealed a significant negative association between SAT and changes for strength capacity (b ¼ À0.13; p ¼ 0.03) and MQ (b ¼ À0.14; Po0.01) among males. No attenuation was identified among females. Post-intervention SAT remained a negative predictor of MQ for males and females (b ¼ À0.47; Po0.01). Conclusions: The findings reveal that SAT is a negative predictor of MQ among non-obese, healthy adults, and that after 12 weeks of progressive RE this association was not ameliorated. Data suggest that SAT exerts a weak, negative influence on the adaptive response to strength and MQ among males.
Introduction
Emerging data suggest that localized adiposity is related to acute muscular weakness and reduced muscle quality (MQ; that is, strength per unit of muscle mass), [1] [2] [3] [4] [5] as well as incident mobility disability. 6 Specifically, evidence now reveals 'crosstalk' between muscle and fat tissue may lead to perturbations in muscle regeneration and decreased functional capacity. 7 Most research pertaining to the association between muscle mass and strength has demonstrated that physiological cross-sectional area is a robust predictor of force production. [8] [9] [10] Certainly in the context of a heterogeneous population ample evidence exists to support this association, as well as the general belief that gains in strength are a direct result of gains in muscle mass. 9 Conversely from a clinical perspective there is an increasing interest in defining disparate declines in strength and muscle mass, as a way to explicate the health risks of lifestyle and/or aging. At present, variability in the association between muscle mass and strength capacity is commonly attributed to sex differences, 11, 12 training status 13 and/or the aging progression. 2, 14, 15 These factors are also typically thought to influence the adaptive response to resistance exercise (RE). 11, [16] [17] [18] However, in view of the recent data to suggest an attenuating affect of adiposity on muscular function, 1, 4 further examination to delineate this interaction is certainly merited. Particularly relevant to clinical and public health outcomes, the causal mechanisms through which adiposity contributes to disability have not been fully elucidated, though evidence have confirmed a definitive link between obesity and functional deficit. 6, 19 In conjunction with general increased skeletal stress, 20 the discrete impact of adiposity on muscular strength or MQ may contribute to gradual declines in the functional status and overall increased disability risk throughout adulthood. 21 However, previous investigations attempting to distinguish this association, and/or the adaptive response to exercise between overweight/obese and normal-weight individuals, have yielded conflicting results. Cross-sectional studies have suggested that obesity may impair muscle function, [22] [23] [24] whereas other investigations have demonstrated no differences between normal weight and obese subjects. 25, 26 Nevertheless, various studies have used body mass index (BMI) as a surrogate of fat mass, 26 which is potentially problematic, as BMI cannot discriminate adipose tissue and muscle, and lacks sensitivity to identify non-obese individuals with excess body fat. 27 Thus, the use of predetermined BMI cut-points may not sufficiently delineate the association between fat and muscle or between muscle mass and function, and is not an adequate predictor of respective cardiometabolic health risk among 'normal weight obese' 28 cohorts. Certainly, understanding the independent contribution of depot-specific adiposity on muscle function and metabolic perturbation may better define risk for latent complications. In light of the well-documented interaction of fat and lean tissue, further examining the association between adiposity and muscular function before obesity and disease presentation will elucidate possible etiology for comorbidity and disability. Therefore, the purpose of this investigation was to examine the independent association between subcutaneous adipose tissue (SAT) and muscle strength, and quality among a large cohort of non-obese individuals. A secondary aim of this study was to evaluate adaptive responses to RE between individuals of varying degrees of SAT. On the basis of previous findings, we hypothesized that baseline MQ would be impaired but that muscular adaptation would be similar between individuals with elevated baseline adiposity as compared to lower adiposity.
Methods
This study was a subset of the Functional Polymorphisms Associated with Human Muscle Size and Strength (FAMuSS) investigation. 29 Briefly, the FAMuSS study was a large, National Institute of health funded multi-center effort to examine the genetic factors associated with baseline muscle, bone and fat tissue, as well as the subsequent adaptive response potential to 12 weeks of unilateral RE of the elbow flexors. The experimental design of FAMuSS has been previously described. 11, 29 Briefly, a 12-week periodized RE model was used to examine differential training adaptations for muscular hypertrophy of the upper arm among young, healthy, untrained males and females. Each subject was tested before and after the training intervention on precise measures of muscular mass and strength, as well as various anthropometric characteristics and subcutaneous fat mass. All subjects were asked to maintain normal dietary practices and refrain from additional exercise or weight loss practices. In all, 634 (n ¼ 253 males, n ¼ 381 females; age ¼ 23.3 ± 5.2 years) non-obese (that is, BMI o30 kg m
À2
) subjects were included in these analyses. Each subject signed an informed consent document, and all procedures were approved by the institutional review boards from the 10 sites involved with FAMuSS.
Materials and procedures
Baseline and follow-up anthropometric measures included body mass (kg), height (cm) and BMI (kg m
À2
). The upper arm volumetric measurements were assessed through standard magnetic resonance imaging (MRI) technique to specifically evaluate whole muscle volume and subcutaneous fat mass.
Volumetric measurements. MRI was performed before and after 12-week training intervention in order to assess the baseline of the subjects, and post-intervention whole muscle volume and subcutaneous fat volume as previously described. 11 Subjects were scanned in the supine position with arms at their sides and palms facing up, on the scanner bed surface. Baseline MRI was performed 24-48 h before the first strength measurement. The hand was supinated and taped in place on the scanner bed surface, and the point of measurement centered to the alignment light of the MRI. To avoid any latent affects that strength testing/training might have on the outcomes (for example, cellular fluid retention), MRI scans for post assessment took place 48-96 h after the last session. MRI was performed at the maximum circumference of the upper arm (that is, belly of the muscle).
The maximum circumference of the upper arm was identified with the biceps maximally contracted, the shoulder abducted to 90 F, and elbow flexed at 901. After determining the circumference using an elastic measuring tape, the corresponding location was marked on the skin of the subject (point of measurement) using a radiographic bead , and a custom-designed interactive processing and visualization program using Matlab (The Math Works Inc., Natick, MA, USA). To ensure accurate and reliable measurements, six slices from each image were analyzed using the metaphyseal-diaphyseal junction landmark, making sure the same regions were measured from pre-and post-images. Muscle and fat were isolated using image signal intensity differences between tissues, and once the region of interest was segmented, total volume was taken from the six evaluated slices. Repeatability and reliability of Rapidia volume measurements were verified using a phantom of known volume.
Serum cardiometabolic markers. Subjects completed one morning of testing (at baseline) after an overnight fast of at least 12 h. A venous blood sample was drawn into tubes (Vacutainer; BD Biosciences, Franklin Lakes, NJ, USA) for the determination of plasma glucose, serum insulin, C-reactive protein and lipid profile (triglycerides, total cholesterol, high-density lipoprotein, low-density lipoprotein cholesterol and very-low-density lipoprotein concentrations), as previously described. 30 The homeostasis model assessment on insulin resistance values were obtained from the following calculation: homeostasis model assessment on insulin resistance ¼ (fasting glucose (mmol l
À1
) Â fasting insulin (mU ml À1 ))/22.5.
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Strength assessment. Baseline and post-intervention strength was evaluated through isometric and dynamic tests. Isometric maximal voluntary contraction (MVC) of the elbow flexors was tested using a strain gauge attached to a strength evaluation system (Model 32628CTL; Lafayette Instrument Company, Lafayette, IN, USA). Pre-intervention MVC was determined after three separate trials, and results were recorded as the average of the second and third trials. Three MVC tests lasting 3 s were performed on each arm, and were separated by 1-min rest periods. Peak force values were averaged for each testing day.
For dynamic strength, a modified one repetition maximum (1RM) protocol for dumbbell curl (Powerblocks; Intellbell Inc., Owatonna, MN, USA) was completed on a standard preacher curl bench. Before testing, an incremental warm-up took place and subjects were instructed to perform a full range of motion repetition (that is, from 1801 to full elbow flexion) with a load that was estimated to be 100% of maximal ability. If this initial attempt was successful, it was followed by a small load increase (B0.563-1.125 kg) and a 3-min rest period. Each failed attempt was succeeded by a small load decrease and also a 3 min rest. This process was repeated until a true 1RM was determined, which was identified if a subject failed to complete an additional incremental load increase after a given successful attempt. All 1RMs were determined within 3-5 attempts, and the maximal load was recorded in kilograms.
Muscle quality. Baseline and post-intervention 1RM strength scores were normalized to adjust for muscle size differences. Normalized force is a good indirect measure of MQ incorporating the dynamic strength capacity of muscle (1RM strength) and muscle size (whole muscle volume), and was determined using the following calculation: (strength/muscle volume). This method has been previously used 30, [32] [33] [34] [35] as an index of relative strength per muscle mass, and may be considered a superior marker of upper body muscular function over absolute or body mass adjusted strength. MVC MQ was also calculated (data not shown). On comparing data from normalized 1RM (1RM-MQ) and MVC (MVC-MQ) strength, the results of the regression were unchanged, and thus we chose to use only 1RM-MQ in our final analysis. Moreover, given that 1RM strength is a dynamic assessment of maximal muscular function, it may be considered a more generalizable test to accompany a dynamic RE protocol.
Exercise training program. All RE took place with the non-dominant arm. Throughout the 12 week intervention, subjects met twice per week, for B45-60 min per session.
Compliance to training was monitored by the research group and fitness staff responsible for training implementation. Exclusion criterion for analyses was set at anything in excess of two missed workouts during the entire training intervention. The specific details of the resistance training program have been documented previously. 29 Briefly, each session of RE was preceded by a specific warm-up of two sets of 12 repetitions with moderate resistance, for an arm flexion and extension exercise. Subsequent training incorporated dumbbell exercises (Power Blocks; Intellbell Inc.) for biceps preacher curls, standing biceps curls and seated incline biceps curls, as well as overhead triceps extension and triceps kickbacks. The tempo was controlled for every contraction, and included a 2 s concentric and 2 s eccentric repetition cadence. The specific progression of weekly training included: weeks 1-4: 3 sets of 12 repetitions, with a 12-repetition maximum weight (3 Â 12RMs); weeks 5-9: 3 sets of 8 repetitions, with an 8-repetition maximum weight (3 Â 8RMs); weeks 10-12: 3 sets of 6 repetitions, with a 6-repetition ). Complete repetitions were counted only if a participant was able to achieve full range of motion. Incomplete repetitions were recorded as one half of an attempt.
Dietary control. All participants were instructed to maintain habitual dietary practices during the course of the intervention. Individuals who were currently taking supplemental dietary protein and/or other supplements reported to build muscle or to cause weight gain (that is, dietary supplements containing protein, creatine or androgenic precursors) were not eligible for recruitment in the study. Moreover, data from individuals who had lost significant body mass during the course of the 12 weeks were not analyzed.
Statistical analyses. Pearson's product-moment correlations were used to examine the selected bivariate correlations. A minimum criterion a level of Pp0.05 was used to determine statistical significance. Data are reported as means and standard deviations (s.d.). Multiple linear regression was initially used to evaluate the association between adiposity and MQ (baseline and post-intervention MQ), after controlling for multiple confounding factors. The following standard covariates were included in the model: age and body mass. Previous data have demonstrated a sex-specific adaptation profile to RE, 11 which we confirmed through an initial model testing the association of sex on MQ (b ¼ 0.24; Po0.01). Further, because sex was identified to be a significant predictor of baseline characteristics, all analyses were conducted separately for males and females. Specifically, multiple regression analyses were conducted to examine the sex-specific influence of adiposity on MQ, as well as the relation between muscle mass and strength, while controlling for fat mass. Analysis of covariance was also conducted to assess the adaptive responses for outcomes following RE. Specifically, linear regression took place for each of the following dependent variables:(1) muscular hypertrophy, and (2) 1RM strength capacity. In each of these models, post-intervention means were entered as the dependent variable (for example, post-intervention mean whole muscle volume), and baseline muscle mass and strength characteristics were entered as covariates, along with the pre-specified significant correlates (age and body mass) as independent moderators. This method was completed to reduce the risk of regression to the mean, which may lead to an over-or underestimation of the intervention effect, and is a potential issue when assessing pre-to-post intervention change scores (that is, absolute mean differences). 37 Collinearity was examined using the variance inflation factor, and tests revealed no issues of collinearity for any model. For each model standard regression coefficients (b) were determined, and paired t-tests were used to evaluate the respective zero difference. Further, percent variance attributable to the main outcome within each model was tested using an analysis of variance to determine the significance of each model.
Results

Sex-specific baseline comparisons
With the exception of subcutaneous fat mass, which was greater in females (Po0.01), males had higher values for all baseline measures (Po0.01) ( Table 1) . Further, among both Po0.01). However, after entering fat mass into the model, a greater amount of additional variance in strength capacity was explained. For both males and females, SAT was negatively associated with baseline strength capacity (Table 2) , when controlling for muscle volume.
Adaptive response to RE Post-intervention descriptive data, as well as respective preto-post intervention changes in whole muscle volume, strength and MQ are presented in Table 1 . Males experienced greater improvements than females in hypertrophy (that is, absolute pre-to-post change in whole muscle volume) and strength (Po0.01), however less improvement in MQ (Po0.01). With regard to the influence of adiposity on adaptive response to RE, regression did not identify a significant relationship between SAT and pre-to-post change for whole muscle volume for males or females. However, among males a significant association was determined between baseline SAT and pre-to-post intervention change for strength capacity (b ¼ À0.13; P ¼ 0.03; Table 3 ), and thus also for MQ (b ¼ À0.14; Po0.01). Accordingly, baseline SAT exerts a weak, yet significant reciprocal association with strength adaptation among males. Conversely, for females no specific relationships were identified between SAT and pre-to-post intervention change for strength or MQ (P40.05). However, for post-intervention data, regression revealed that SAT (post-intervention subcutaneous fat volume) remained as an independent negative predictor of postintervention MQ for both males (b ¼ À0.47; Po0.01) and females (b ¼ À0.47; Po0.01).
Discussion
To our knowledge, this is the first investigation to isolate and examine the discrete associations between adiposity, MQ, and the morphological and functional adaptive responses to RE. Further noteworthy, this investigation incorporated precise imaging techniques to evaluate localized muscle and SAT volumetric data before and after a unilateral RE Figure 1 The relationship between subcutaneous adipose tissue and muscle quality at baseline, for males (a) and females (b). ) males and females. The principal findings of this study suggest that greater subcutaneous adiposity is negatively associated with MQ among young, non-obese individuals, and that after 12-weeks of progressive RE this influence was not ameliorated at post intervention. Specifically, our findings revealed a robust negative association between SAT and MQ, such that when controlling for age and body mass (two independent, significant correlates), SAT made a strong and unique contribution to explaining the variance in MQ for both males (r 2 ¼ 0.20; b ¼ À0.53) and females (r 2 ¼ 0.12; b ¼ À0.45). According to these data, a one standard deviation change in subcutaneous fat volume (69.5 ml-80.0 for males and females, respectively) was predictive of an B0.5 s.d. decrease in MQ. Current finding are supportive of our hypothesis that subcutaneous adiposity is reciprocally associated with MQ among young, healthy, non-obese subjects. Previous reports pertaining to the impact of adipose tissue on MQ have been limited to assessment and implication of myosteatosis (that is, muscle 'fat infiltration'). 3 Most often characterized with cross-sectional data from aging adults (muscle attenuation on computed tomography 3 or localized intermuscular adipose tissue (IMAT) with MRI), 38 this fat infiltration also appears in conjunction with certain disease processes (for example, Duchenne muscular dystrophy, type 2 diabetes), 39, 40 and obesity, [41] [42] [43] as well as during periods of reduced physical activity. 44 Indeed, recent findings reveal a 'crosstalk' between myogenic and adipocyte cell progenitors, which seem to trigger simultaneous muscle degeneration and formation of adipocytes, scar tissue and/or collagen within the muscle. 7, 45 Although the MRI data analysis in this study did not allow us to distinguish IMAT from lean muscle tissue, it is plausible that IMAT depot may have been pronounced among individuals with greater SAT. Recent evidence confirm a robust association between total adipose tissue and ectopic fat (that is, adipose tissue accumulated within anatomic regions outside the subcutaneous depot area). 46, 47 Thus although subjects from this study were all classified as 'non-obese' based on BMI, variability in IMAT may have misrepresented data for whole muscle volume and modulated the association between muscle mass and strength. Nevertheless, without a direct measure of IMAT, we can only speculate on this as one potential underlying mechanism. Therefore, additional research is warranted to examine the potential attenuation of muscle among nonobese, young adults with varying degrees of adiposity, as well as to delineate the extent to which fat infiltration and SAT independently compromise MQ. Certainly, it stands to reason that adipocyte proliferation and accumulation occurs long before an individual meets the criterion for 'obesity,' or is considered 'at risk' for cardiometabolic disease. Therefore, in conjunction with pronounced changes in the hormonal/metabolic milieu, 41, 48 greater adiposity could yield a chronic inflammatory state 49 and general, inhospitable physiological environment that contributes to the degradation of contractile properties and diminished MQ. Although no subjects in this study presented with clinical risk factors for cardiometabolic disease, we were able to identify a significant association between SAT and various sub-clinical levels of cardiometabolic risk, and low-grade inflammation. Stratifying into equal tertiles for SAT provided further evidence of this trend (Supplementary Table 4) , and seems to reflect proportional mean differences for serum markers between the low-and medium-SAT groups, as compared with the medium-and high-SAT groups. We were also able to examine the isolated association between muscle mass and strength across tertiles. By doing so, data revealed a significant statistical trend of diminished covariance and standardized regression coefficients across each incrementally higher SAT grouping (see Supplementary Figure 2 ), providing further evidence that adiposity modulates the relationship between muscle mass and function.
As adipose tissue is considered to be a dynamic organ with pleiotropic endocrine properties, 49 it is conceivable that even sub-clinical elevation of cardiometabolic risk factors, including low grade inflammation, could induce early-onset contractile dysfunction. Previous research among nondiabetic, obese adults have revealed significantly higher Adiposity attenuates muscle quality MD Peterson et al levels of adipocyte-derived hormones and cytokines (that is, adipokines), which are specific contributors to elevated insulin resistance, 50 as well as decreased muscle mass and strength capacity. 51 The chronic and gradual confluence of adipogenesis, low-grade inflammation and metabolic disturbance may perpetuate a steady decline of muscular function before clinical presentation of disease risk, and thus, additional research to delineate this multidimensional phenomenon is warranted. Certainly, identifying appropriate preventive strategies is a vital directive to reduce risk of latent cardiometabolic cormorbidity and functional strength decline. In this investigation, no attenuation of the adaptive response to RE was evidenced by hypertrophic changes. Data indicated a weak reciprocal association between SAT and strength adaptation for males, but no such attenuation among females. This finding is consistent with a previous study that demonstrated similar improvements in muscular strength and endurance between obese versus normal weight women, after a 14-week multi-modality fitness program. 25 Nevertheless, in this investigation, post-intervention data revealed that after 12-weeks of progressive RE, the reciprocal association between SAT and MQ for both males and females was not ameliorated. Therefore, despite significant and welldocumented 11 increases in muscle mass and strength for all participants, the attenuation of MQ for subjects with elevated SAT was still present after training. This suggests that among individuals with larger SAT depot, a RE program without concurrent decreases in adiposity may not be a sufficient stimulus to correct attenuated muscle and/or impaired MQ. However, although the use of a unilateral RE protocol is necessary to control for various potential confounding variables, this model may have less generalizability as compared with full-body RE protocols. Indeed more research is needed to investigate the utility of full-body RE to target impaired MQ. Previous investigations attempting to distinguish the association between obesity and functional capacity have yielded conflicting results. With respect to strength outcomes, various studies have demonstrated greater absolute strength among obese versus non-obese subjects. 23, 52, 53 Conversely, when adjusting for body mass (for example, allometric scaled strength), most data confirm a significant 'impairment' of strength capacity among obese individuals. 23, 53 It has been proposed that a relative, diminished muscle functional capacity in obese subjects may be due to metabolic disturbances within the muscle, such as reduced oxidative capacity 54, 55 and/or decreased capillary density, 56 as well as an altered motor unit activation 57 and nerve conduction. 58 Indeed, changes in the oxidative capacity and blood flow may reflect negative consequences for fatigue resistance. 53 However, a reduction in motor unit recruitment or changes in nerve conduction are more likely to impose a definitive attenuation of strength capacity and muscular power. Previous research to examine motor unit activation in obese and non-obese subjects have reported lower relative maximal isokinetic and isometric knee extension strength among obese subjects, as well as significantly reduced motor unit activation. 57 Such results indicate that the handicap of 'dead weight' adiposity 57 in conjunction with reduced neuromuscular activation may account for the commonly observed strength 'impairment' in obese subjects.
Considering the exaggerated risk of functional deficit that occurs with obesity, 6, 19 it is plausible that the affect of adiposity on MQ may therefore, independently contribute to mobility disability risk and decreased fine motor skill performance. 21, 59 However, previous studies have generally used stratified body mass characteristics (for example, lean (o24 kg m À2 ), normal weight (24-29 kg m
À2
) and high (429 kg m À2 ) BMI) 26 as surrogate indicators of adiposity, which does not entirely characterize the discrete influence of adiposity on respective acute muscle function. Muscle mass is generally considered to be the primary determinant of the sex-and age-related variability in strength capacity, and therefore it stands to reason that measures should instead be corrected for muscle mass or fat-free mass (that is, MQ). Moreover, it is conceivable that depotspecific genetic, biochemical and metabolic features are responsible for variation in adipocyte proliferation and differentiation, as well as the potential influence on muscle function. 60 Although current data are reflective of a reciprocal association between SAT and adaptive response to muscle strength and quality for males, subsequent research is needed to clarify the sex-specific contribution of distinct adipose tissue compartments on MQ and morphological/architectural characteristics among nonobese subjects.
Conclusions
Among healthy, non-obese (BMI o30 kg m À2 ), young adults, localized subcutaneous adiposity is an independent negative predictor of MQ, and despite significant increases in muscle mass and strength following 12 weeks of RE, this association was not ameliorated at post intervention. Further, data suggest that adiposity exerts a weak, yet reciprocal influence on the adaptive response to strength and MQ among males. These findings bear clinical significance considering the exaggerated risk of functional decline that coincides with disuse and weight gain. Thus, although previous research has demonstrated a general, robust association between muscle mass and strength capacity, current data indicate that SAT modulates the covariation between muscle mass and function. It is certainly plausible that this negative association may predispose non-obese individuals to greater risk of latent functional deficit through the span of adulthood. As such declines precipitate diminished autonomy and mobility disability, simultaneous preservation/increases in MQ and preservation/decrease of SAT may serve as a powerful preventive or treatment strategy.
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